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ABSTRACT 
E l e c t r i c  propulsion o f f e r s  many b e n e f i t s  f o r  upper s t a g e s  f o r  space 
propulsion. Masses of e l e c t r i c  propulsion systems requi red  f o r  Low 
Earth Orb i t  (LEO) t o  Geosynchronous O r b i t  (GEO) payload t r a n s f e r  can  be 
small compared t o  chemical propulsion systems. Th i s  impl ies  g r e a t  re- 
duc t ions  i n  t h e  number of Ea r th  launches, o r  t h e  payload requirements on 
the  shu t t l e .  The low a c c e l e r a t i o n  c h a r a c t e r i s t i c  of e l e c t r i c  propulsion 
i s  cons i s t en t  with t h e  low f o r c e  loading requirements  f o r  l igh tweight  
l a rge  space systems and e l e c t r i c  propulsion systems have d e m n s t r a t e d  
long term compa t ib i l i t y  wi th  t h e  geocen t r i c  space  env i romen t .  This  
paper p re sen t s  t h e  payload c a p a b i l i r i e a  ~f q p t r  t tagcs  us ing  e l e c t r i c  
propulsion f o r  a  LEO t o  GEO o r b i t  t r a n s f e r  mission. To determine pay- 
load mass i t  is necessary t o  d e f i n e  t h e  e l e c t r i c  t h r u s t  system and its 
power requirements i n  d e t a i l .  This  was done us ing  ai? e s t a b l i s h e d  meth- 
odology. E l e c t r i c  propulsion technology was assumed which i s  wi th in ,  o r  
f e l t  t o  be r e a d i l y  a t t a i n a b l e  from,.demonstrated scate-of-art.  The im- 
pac t  on payloads of t o t a l  mass i n  LEO, t h r u s t i n g  ( t r i p )  t i m e ,  p rope l l an t  
type,  s p e c i f i c  impulse, and power source  c h a r a c t e r i s t i c s  was eva lua ted  
and is  presented. Dependent upon d e t a i l e d  a s s u q t i o n s ,  e l e c t r i c  s t a g e s  
were found capable of d e l i v e r i n g  payloads i n  t h r u s t i n g  time l e s s  t han  50 
days  with payloads always i n i t i a l l y  i nc reas ing  r ap id ly  wi th  i nc reas ing  
th rus t i ng  times. For  t h e  s h o r t e r  t h r u s t i n g  ( t r i p )  t imes  t h e  payloads 
increased with i nc reas ing  p rope l l an t  mass and decreas ing  spec i f  i c  i u r  
pulge. A t  very long t r i p  times, however, t h e  payload increased wi th  
decreasing propel lan t  mass and inc reas ing  spec i f  i c  impulse. Var ia t ion  
of t he  s p e c i f i c  mass o f  t h e  power source  between 5 and 30 kg-kw'l 
caused t h e  minimum t r i p  t imes t. vary about  a  f a c t o r  of t h r e e  and a t  
sho r t  t r i p  t imes  s t rong ly  a f f e .  .d t h e  e l e c t r i c  s t a g e  payload capabi l -  
ities. 
INTRODUCTION 
The advent of t h e  Space S h u t t l e  has  s t imula ted  i n t e r e s t  i n  new o r  
g r e a t l y  expanded missions i n  geocen t r i c  space. Such miss ions  inc lude  
e  c-unication systems,(1) space manufacturing f  ' 
:Stfig and o t h e r  Large Space S y s t a r  f o r  many purposes. 
~rimary space propulsion systems w i l l  have a  g r e a t  impact on t h e  ap- 
proaches, c a p a b i l i t i e s ,  and c o s t s  t f  advanced missions. Key i s s u e s  such 
a s  t h e  numer of Earth launches, deployment requirements and op t ions ,  
spacec ra f t  s t r u c t u r a l  requirements, reuse/refurbishment  opt ions ,  and t h e  
impacts of t he  volume and mass c o n s t r a i n t s  of t he  ~ h u t t f e  a r e  a1  1 de- 
pendent t o  f i r s t  o rde r  on t h e  c h a r a c t e r i s t i c s  of t h e  primary space pro- 
puls ion  system. 
* ~ ~ ~ r o v e r f  o r  pub l i c  r e  leasd ; d i s t r i b u t i o n  unl imited.  
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For  many of  t h e  proposed m i s s i o n s  t h e  u s e  of  e l e c t r i c  p r o p u l s i o n  
a p p e a r s  t o  r e s u l t  i n  enab led  o r  g r e a t l y  enhanced m i s s i o n  performance 
a long  w i t h  reduced m i s s i o n  c o s t s .  For  example, t o  a c h i e v e  a  t r a n s f e r  
from Low E a r t h  O r b i t  (LEO) t o  Geolrynchronous O r b i t  (CEO) w i t h  chemica l  
p r o p u l s i o n  r e q u i r e s  a p r o p e l l a n t  mass s e v e r a l  t i m e s  t h e  pay load mass. 
With e l e c t r i c  p r o p u l s i o n  t h e  sum o f  t h e  p r o p e l l a n t  and t h r u s t  sys tem 
masses  c a n  be a  s m a l l  f r a c t i o n  of t h e  payload mass. T h i s  r e s u l t s  i n  a  
d r a m a t i c  r e d u c t i o n  i n  t h e  t o t a l  mass r e q u i r e d  i n  LEO, a n d / o r  payload 
requ i rements  of  S h u t t l e  launches .  
To minimize s t r u c t u r a l  mass, f r a g i l e  Large  Space  Systems (LSS) re- 
q u i r e  low f o r c e  l o a d i n g  d u r i n g  o r b i t  t r a n s f e r .  The low t h r u s t  char-  
a c t e r i s t i c s  o f  e l e c t r i c  p r o p u l s i o n  i s  c o n s i s t e n t  w i t h  t h a t  requirement .  
Fur thermore,  e l e c t r i c  p r o p u l s i o n  h a s  demons t ra ted  l o n  t e rm ( 10 y e a r )  
c o m p a t i b i l i t y  w i t h  t h e  g e o c e n t r i c  s p a c e  environment.  ( f )  T h l s  nay ,  i n  
p a r t ,  e n a b l e  new r e t u r n / r e f u r b i s h m e n t  s t r a t e g i e s  f o r  g e o c e n t r i c  space- 
c r a f t .  
E l e c t r o n  bombarbment i o n  t h r u s t e r  sys tems  a r e  approach ing  o  era-  
t i o n a l  a p p l i c a t i o n .  ~ e r m a n ~  ,(5) ~ a ~ a n , ( ~ )  and t h e  Uni ted S t a t e s  f 7 )  
a l l  f i r m l y  p l a n  d e m o n s t r a t i o n  s p a c e  tests of s m a l l  mercury i o n  t h r u s t e r s  
developed f o r  on-orb i t  p ropu ls ion .  These t h r u s t e r  s y s t e n s  were des igned  
f o r  s p a c e c r a f t  w i t h  masses up t o  abou t  2500 kg. I n  a d d i t i o n  t h e  30-cm 
mercury i o n  t h r u s t e r  system i s  n e a r i n g  technology r e a d i n e s s ( & )  and t h e  
NASA h a s  announced p l a n s ( 9 )  t o  i n i t i a t e  d e t a i l e d  c o n t r a c t e d  d e s i g n  
s t u d i e s  of a  S o l a r  E l e c t r i c  P r o p u l s i o n  System (SEPS). 
The d e s i g n s  of  t h e  e l e m e n t s  of  t h e  b a s e l i n e  30-cm mercury t h r u s t e r  
system were predominately  i n f l u e n c e d  by t h e  requ i rements  of p l a n e t a r y  
miss ions .  These s t r o n g l y  d rove  t h e  b a s e l i n e  system d e s i g n  i n  a r e a s  such  
a s  t h r u s t e r  s i z e ,  p r o p e l l a n t  t y p e ,  and power p r o c e s s o r  requirements .  
For  s e v e r a l  y e a r s  a  number o f  advanced t e c h n o l o g i e s  f o r  e l e c t r i c  propul-  
s i o n  systems have a l s o  been u n d e r  a c t i v e  i n v e s t i g a t i o n .  These t echno l -  
o g i e s  i n c l u d e  i n e r t  g a s  p r o p e l l a n t s , ( 1 0 ~ 1 1 ~ 1 2 )  l a r g e r  d i a m e t e r  
t h r u s t e r s , ( 1 3 )  o p e r a t i o n  a t  i n c r e a s e d  t h r u s t  and power p e r  t h r u s t e r , ( 1 4 )  
and improved Power Management and C o n t r o l  (PMAC) concep t s .  (15)  I t  i s  
c e r t a i n  t h a t  f u t u r e  h i g h  energy  g e o c e n t r i c  m i s s i o n s  would b e n e f i t  g r e a t -  
ly  from t h e  u s e  of  advanced e l e c t r i c  p r o p u l s i o n  t e c h n o l o g i e s .  The p r e s -  
e n t  s t a t e - o f - a r t  i n  e l e c t r i c  p r o p u l s i o n  a l l o w s  t h e  c h a r a c t e r i s t i c s  of 
such advanced e l e c t r i c  p r o p u l s i o n  sys tems  t c  be p r e d i c t e d  w i t h  a h igh  
d e g r e e  of  conf idence .  
T h i s  p a p e r  p r e s e n t s  t h e  pay load c h a r a c t e r i s t i c s  of g e o c e n t r i c  m i s -  
s i o n s  which u t i l i z e  electron-bombardment i o n  t h r u s t e r  systems. A base- 
l i n e  LEO t o  CEO m i s s i o n  was s e l e c t e d .  The impac t s  on  pay loads  of  bo th  
m i s s i o n  pa ramete r s  ( s u c h  a s  t r i p  t i m e  and mass i n  LEO) and e l e c t r i c  pro- 
p u l s i o n  technology o p t  i o n s  ( such  a s  spec  i f  i c  impulse  and p r o p e l l a n t  
t y p e )  were e v a l u a t e d .  To p r e d i c t  payload mass i t  i s  n e c e s s a r y  t o  spec- 
i f y  t h e  c h a r a c t e r i s t i c s  of  t h e  e l e c t r i c  p r o p u l s i o n  t h r u s t  sys tem and t h e  
power requirements .  T h i s  was done by u t i l i z i n g  a  p r e v i o u s l y  developed 
methodology (16*17)  which p r o v i d e s  a d e t a i l e d  t h r u s t  sys tem d e s c r i p -  
t i o n  a f t e r  t h e  f i n a l  rnass on  o r b i t ,  t h e  t h r u s t i n g  t i m e ,  and t h e  s p e c i f  i c  
impulse a r e  s p e c i f i e d .  The c h a r a c t e r i s t i c s  o f  t h e  t h r u s t  sys tem e l e -  
ments  were based o n  e x p e r i m e n t a l  d a t a  a n d / o r  d e t a i l e d  p o i n t  system de- 
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Signs. ( l a )  Element masrer and e f  f  i c i e n c i e s  were r e l e c  t e d  which were 
c o n s i s t e n t  wi th  d a t a  a l r eady  obtained (such  a s  t h r u s t e r  e f f i c i e n c y )  o r  
a r e  f e l t  t o  represent  r t r a i g h t f  oxward e x t r a p o l a t i o n s  from present  tech- 
nology (such  as power procesror  mass a s  a  func t ion  of i npu t  power). 
This  paper d e s c r i b e s  t h e  pry load c a p a b i l i t i e s  of  e l e c t r i c  propul- 
s i o n  f o r  LEO t o  GEO o r b i t  t r a n s f e r  missions. These d a t a  w i l l  be u se fu l  
f o r  miss ion  p lanners  i n  a s seas ing  the  c a p a b i l i t i e s  of  e l e c t r i c  propul- 
s i o n  systems which a r e  b a s i c a l l y  s ta te -of -ar t .  I n  add i t i on ,  t h e  d a t a  
can  a l s o  a l low eva lua t ion  by t echno log i s t s  of t h e  impact of var ious  
e l e c t r i c  propulsion technology advances. 
OVERALL APPROACH 
The var ious  subsystems of a  space system employing e l e c t r i c  propul- 
s i o n  a r e  shown on Fig. 1. I n  o r d e r  t o  p r e d i c t  t h e  payloads of missions 
i t  i s  necessary t o  d e f i n e  t h e  c h a r a c t e r i s t i c s  of t h e  required t h r u s t  
systems. The use of Eq. (1) is  t h e  f i r s t  s t e p  i n  t h a t  process. 
I n  Eq- (1)  MF is t h e  f i n a l  de l ive red  mass which is comprised of 
t h e  payload and t h e  t h r u s t  system dry masses. The payload (Fig. 1) in- 
c ludes  t h e  power used f o r  t h e  o r b i t  t r a n s f e r  and t h e  nonpower payload, 
which con ta in s  any p rope l l an t  o r  s epa ra t e  hardware requi red  f o r  on-orbit 
propulsion funct ions.  The parameter AT i n  Eq. ( 1) i s  t h e  t h r u s t i n g  
time ( i n  days)  where i t  i s  assumed t h a t  t h e  t h r u s t  l e v e l  of t he  propul- 
s i o n  system, TT, i s  cons tan t  when opera t ing .  The t o t a l  t r i p  time i s  
AT p l u s  any t h r u s t  system o f f  t ime - such a s  might occur  due t o  s o l a r  
o c c u l t a t i o n  of a  photovol ta ic  power source. The system o f f  time i s  
extremely s e n s i t i v e  t o  t h e  s p e c i f i c  technology and mission approaches 
assumed. ( 19) I s s u e s  such a s  t h r u s t e r  s t a r t u p  time, i n i t i a l  and t rans-  
f e r  o r b i t  i n c l i n a t i o n ,  and power source  t ype  (e.g., photovol ta ic  o r  
nuclear)  a r e  a l l  important  i n  p r e c i s e l y  de f in ing  t h e  o f f  times. The o f f  
t imes a r e  expected t o  be a  small  ( l e s s  t han  20 percent )  f r a c t i o n  of t h e  
t h r u s t i n g  time but  because of  i t s  s e n s i t i v i t y  t o  s p e c i f i c  mission ap- 
proaches i t s  s p e c i f i c a t i o n  i r  beyond t h e  scope of t h i s  paper. 
The mission v e l o c i t y  increment, Vm, i s  t h a t  app rop r i a t e  f o r  low 
acce lera t ion .  I n  t h i s  paper Vm was f i x e d  a t  6000 m-sec'l which i s  
r ep re sen ta t i ve  of a  low acce l e r a ion  o r b i t  t r a n s f e r  between LEO and GEO 
wi th  an  i n c l i n a t i o n  change of  about 28 degrees. 
I f  t h e  s p e c i f i c  impulse, lap, i s  s p e c i f i e d  i n  a d d i t i o n  t o  MF 




The t o t a l  mass requi red  i n  LEO, WEO, i s  t h e  sum of t h e  f i n a l  mass, 
ME, and t h e  p rope l l an t  mass, Mp. For l a t e r  re ference ,  t h e  r a t i o s  of 
t h e  p rope l l an t  and f i n a l  masses t o  t h e  t o t a l  mass i n  LEO a r e  g iven  by 
Eqs. (3)  and (4), r e spec t ive ly  , a s  : 
A s  described i n  Refs. 16 and 17 t h e  d e t a i l e d  c h a r a c t e r i s t i c s  of t h e  
t h r u s t  system and the  power required may be predic ted  a f t e r  t h e  system 
t h r u s t ,  s p e c i f i c  impulse, and approaches f o r  t h r u s t  system elements  have 
been spec i f ied .  The reader  is r e f e r r ed  t o  Refs. 16 and 17 f o r  d e t a i l s  
on t h e  methodology u t i l i z e d  t o  desc r ibe  t h e  t h r u s t  system. For :om- 
p l e t enes s ,  however, t h e  major assumptions used i n  d e s c r i b i  t he  t h r u s t  
system w i l l  be given i n  t he  next  sec t ion .  Previous data(  18 ind ica t ed  
t h a t  t he  s p e c i f i c  impulse and t h e  p rope l l an t  type very s t rong ly  impact 
t h e  t h r u s t  system and power requirements and these  two parameters were 
va r i ed ,  w i th in  a l lowable  l i m i t s ,  t o  a s s e s s  t h e  impacts on mission pay- 
loads. 
A f t e r  t h e  t h r u s t  system and power requirements  a r e  def ined ,  t h e  
f r a c t i o n  of t he  f i n a l  mass on-orb i t ,  MF, a v a i l a b l e  f o r  power and non- 
power payloads can  be obtained vhen a  s p e c i f i c  mass f o r  t h e  power source 
i s  assumed. The payloads on o r b i t  were ca l cu l a t ed  over  a  wide range of 
assumed t h r u s t i n g  t imes,  t o t a l  masses i n  LEO, and s p e c i f i c  masses of t h e  
power scurce.  
THRUSTER SYSTEMS 
Fig. 2 shows t h e  var ious  elements  of a  t h r u s t  system. I n  Refs. 16  
and 1 7  a l l  e lements  of t h e  t h r u s t  system a r e  descr ibed  parametr ica l ly .  
As examples, t h e  output  t h r u s t  and inpu t  power of a t h r u s t e r  were pre- 
sented a s  func t ions  of s p e c i f i c  impulse and p rope l l an t  type. The para- 
met r ic  d e s c r i p t i o n s  used he re in  were obta ined  o r  der ived  from a v a i l a b l e  
experimental d a t a  o r  d e t a i l e d  system des igns  and a r e  f e l t  t o  be wi th in ,  
o r  r e l a t i v e l y  s t ra ight forward  e x t r a p o l a t i o n s  from, s ta te -of -ar t .  The 
fol lowing s e c t i o n s  w i l l  b r i e f l y  d i s c u s s  t h e  major assumptions used i n  
de f in ing  the  t h r u s t  system and t h e  r a t i o n a l e s  f o r  t h e i r  s e l e c t i o n .  
THRUST MODULE 
Thruster .  Table I shows t h e  c h a r a c t e r i s t i c s  assumed f o r  t h e  




ren ted  herein. I t  was shown i n  Ref. 17 t h a t  t h e  t h r u s t  system mass re- 
mained nearby cons tan t  f o r  t h r u s t e r s  50-cm i n  diameter  and l a rge r .  I n  
add i t i on ,  t h r u s t e r s  50-cm(~O) and 150-cm(13) i n  diameter  have been 
b u i l t  and t e s t ed .  Those t h r u s t e r s  were operated a t  higher  s p e c i f i c  im- 
pu l se s  and lower cu r r en t  d e n s i t i e s  t han  a r e  considered herein. Technol- 
ogy advances us ing  c l o s e  spaced d ished  i o n  o p t i c s  have enabled a  new 
genera t ion  of low s p e c i f i c  impulse, high c u r r e n t  dens i ty ,  i o n  
th rus t e r s .  Based on present  knowledge, however, it is  not f e l t  t h a t  a  
50-cm diameter  t h r u s t e r  ( o r  a  non-circular  t h r u s t e r  wi th  a n  equiva len t  
a c t i v e  ion  a c c e l e r a t i o n  a r e a )  wi th  close-spaced ion o p t i c s  r ep re sen t s  a  
s i g n i f i c a n t  e x t r a p o l a t  ion of s t a t e -o f - a r t  technology. The ind iv idua l  
t h r u s t e r  mass was spec i f i ed  a s  20.4 kg, based on  t h e  d a t a  of Refs. 12 
and 17. 
Operat ion wi th  mercury, xenon, and argon p rope l l an t s  was eval-  
uated. An extens ive  d a t a  base(1°,11,12) e x i s t s  f o r  each of t he se  pro- 
p e l l a n t s  and the  va lues  of p rope l l an t  u t i l i z a t i o n  e f f i c i e n c y ,  energy 
requi red  t o  i on i ze  t h e  p rope l l an t ,  and t h r u s t  l o s s e s  shown on Table I 
have been previously achieved. The maximum t h r u s t e r  beam c u r r e n t  is 
e s s e n t i a l l y  spec i f i ed (  16* 17) f o r  a  g iven  p rope l l an t  by t h e  t o t a l  
vo l tage  which may be appl ied  between t h e  ion  a c c e l e r a t o r  g r id s .  A t o t a l  
vo l tage  of 2000 V was assumed h e r e i n  which i s  about two-thirds of maxi- 
mum va lues  demonstrated t o  date .(14)  The i o n  beam c u r r e n t  d e n s i t i e s  
assumed were 90 percent  of l i m i t  va lues ,  a t  thp t o t a l  vo l tage  of 2000 V, 
obtained i n  experiments. ( l l )  Three g r i d  i o n  o p t i c s  were assumed which 
al low a t h r u s t e r  t o  be operated a t  h i  h  va lues  of t h r u s t  ove r  a  range of 
s p e c i f i c  impulse of about 2.1 t o  1. ( l g )  The abso lu t e  va lues  f o r  t h e  
range of s p e c i f i c  impulse shown on Table 1 f o r  each propel lan t  a r e  spec- 
i f i e d  by t h e  t o t a l  vo l tage ,  p rope l l ad t  u t i l i z a t i o n  e f f i c i e n c i e s ,  and 
t h r u s t  l o s se s  assumed. Thrus t e r s  may be operated a t  both h igher  nd 
lower va lues  of s p e c i f i c  impulse t han  shown on Table I. Such opera t ion ,  
wi th  t h e  assumptions iven ,  w i l l  r e s u l t  i n  a  s t rong  decrease  i n  output  
t h r u s t  pe r  t h r u s t e r ( l E )  and cause t h r u s t  system masses t o  i nc rease  due 
t o  a  requirement f o r  a d d i t i o n a l  t h r u s t e r s  and a s soc i a t ed  power proc- 
ess ing .  
It  is not  f e l t  t h a t  t h r u s t e r  l i f e t i m e  r ep re sen t s  a major concern 
f o r  t h e  missions presented herein.  Thrus t ing  t imes of e i g h t  months o r  
l e s s  a r e  of  i n t e r e s t  f o r  geocen t r i c  o r b i t  r a i s i n g  missions. Such dura- 
t i o n  a r e  much l e s s  t han  t h e  two y e a r  ope ra t ing  des ign  l i f e t i m e s ( 8 )  of 
t h e  base l ine ,  2  A beam c u r r e n t ,  30-cm mercury t h r u s t e r .  The t h r u s t e r s  
proposed h e r e i n  o p e r a t e  a t  h igher  i o n  c u r r e n t  d e n s i t i e s  than  t h e  base- 
l i n e  t h r u s t e r .  I t  has been found, ( l4)  however, t h a t  t h e  d i s cha rge  
vol tage  a t  which bombardment t h r u s t e r s  o e r a t e  dec reases  wi th  i nc reas ing  P i on  c u r r e n t  dens i ty .  This  has  r e su l t ed (  4, i n  decreased va lues  of 
d i scharge  chamber e ros ion  ( t h e  major l i f e  l i m i t i n g  phenomena) wi th  in-  
c reased  i o n  cu r r en t  dens i ty .  
b 
The assumptions used f o r  t h e  t h r u s t e r s  a r e  we l l  w i t h i n  demonstrated 
envelopes of operat ion.  I t  i s  expected t h a t  t h e  ongoing technology pro- 
grams w i l l  r e s i l l t  i n  improved and extended performance c a p a b i l i t i e s  w i th  
consequent decreases  i n  t h r u s t  system masses and power requirements and, 
t he re fo re ,  i nc reases  i n  t h e  payload c a p a b i l i t i e s  presented herein.  
UNCLASSIFIED 
UNCLASSIFIED 
The t o t a l  number of ope ra t ing  t h r u s t e r s  i n  t h e  t h r u s t  system was 
obta ined  by f i r s t  d iv id ing  t h e  system t h r u s t  (Eq. ( 1 ) )  by t h e  t h r u s t  o f  
an  i nd iv idua l  t h r u s t e r  and then  rounding o f f  t o  t h e  next  h ighes t  i n t e -  
g r a l  number. The t o t a l  number of t h r u s t e r s  was t h e n  obta ined  by a rb i -  
t r a r i l y  adding two spare  t h r u s t e r s  (and t h e i r  a s soc i a t ed  power supp l i e s ,  
gimbals,  and p rope l l an t  d i s t r i b u t i o n )  t o  t h e  number of ope ra t ing  
t h r u s t e r s .  
Gimbal. The gimbal mass was based on a  d e t a i l e d  poin t  system de- 
-
sign(18) and was assumed t o  be 0.34 t imes  t h e  t h r u s t e r  mass. 
Propel lan t  D i s t r i bu t ion .  From Ref. 18 a mess of  one kilogram per  
t h r u s t e r  was charged f o r  p rope l l an t  d i s t r i b u t i o n .  
Power Management and Control.  The Power Management and Control  
(PMAC) subsystem i s  comprised of t h e  beam, d ischarge ,  and low power 
supp l i e s  i n  t he  t h r u s t  module and t h e  beam and d ischcrge  reconf igura t ion  
u n i t s ,  t he  d i s t r i b u t i o n  i n v e r t e r ,  t h e  conver te r ,  and t h e  t h r u s t  system 
c o n t r o l l e r  i n  t h e  i n t e r f a c e  module. The numbers, d i s s i p a t e d  powers, and 
masses of a l l  c-lements i n  t h e  PMAC subsystem were a l l  taken d i r e c t l y  
from Ref. 17. 
. 
Thermal Control.  The thermal c o n t r o l  subsysterro: f o r  both t h e  
t h r u s t  and i n t e r f a c e  modules were assumed t o  use  hea t  p ipes  and radi-  
a t o r s  which r e j e c t e d  hea t  from one s i d e  only. The r a d i a t o r s  wer2 s i zed  
t o  main ta in  c r i t i c a l  ba sep la t e  temperatures  a t  3230 K and t o  accommo- 
d a t e  a  15 percent  view f a c t o r  t o  a  s o l a r  a r r a y  a t  one astronomical  
u n i t .  Based on t h e  d e t a i l e d  op t imiza t ion  of Ref. 18, t he  mass of t h e  
thermal c o n t r o l  subsystems ( i n  kilograms) was taken  t o  be 31 t imes t h e  
d i s s i p a t e d  power i n  k i lowat t s .  
S t ruc tu re .  The t h r u s t  module s t r u c t u r e  s e r v e s  t o  c a n t i l e v e r  t h e  
t h r u s t e r s  and gimbals away from t h e  i n t e r f a c e  module. The t h r u s t  module 
s t r u c t u r e  was assumed t o  be 0.31 t imes  t h e  sum of t h e  t h r u s t e r  and gim- 
b a l  masses a s  was der ived  i n  t h e  d e t a i l e d  po in t  design(18) of a t h r u s t  
system. 
INTERFACE MODULE 
The PMAC and thermal c o n t r o l  subsystems of t h e  i n t e r f a c e  module 
were descr ibed  i n  t h e  previous sec t ions .  
Propel lan t  Storage. Mercury and xenon were assumea t o  be s t o r e d  
noncryogenically. Mercury i s  a l i q u i d  a t  normal temperatures .  Xenon 
requi red  a  pressure  of 1x107 Pa t o  s t o r e  it s u p e r c r i t i c a l l y .  Cryo- 
gen ic  s to rage  was assumed f o r  argon and t h e  masses f o r  a l l  o f  t h e  pro- 
p e l l a n t  tanks  were taken  d i r e c t l y  from Ref. 17. 
b 
St ruc tu re .  From Ref. 17 t h e  i n t e r f a c e  s t r u c t u r a l  mass was t aken  a s  
f o u r  percent  of t h e  sum of t h e  t h r u s t  system mass, t h e  p rope l l an t  mass, 
and t h e  o t h e r  dry mass of t h e  i n t e r f a c e  module. This  value of i n t e r f a c e  
module s t r u c t u r a l  mass i s  about  t h r e e  t imes  t h a t  c a l c u l a t e d  f o r  a  m e r  
cury t h r u s t  system i n  a  very d e t a i l e d  po in t  system design.(18)  The 




margin f o r  t h r u s t  systems which may be l e s s  compact t han  t h e  des ign  of 
Ref. 18. 
TRANSMISSION SUBSYSTEM -
The power t ransmiss ion  subsystem was assumed t o  ca r ry  d i r e c t  c u r  
r e n t  (dc)  power from t h e  power source and was assumed t o  u t i l i z e  copper 
w i r e s  and be LOO meters  i n  length. The masses and d i s s i p a t e d  powers of 
t h e  t ransmiss ion  subsystems were ca l cu l a t ed  us ing  t h e  techniques de- 
s c r ibed  i n  Ref. 17 and a s  a  r e s u l t  t h e  d i s s i p a t e d  power i n  t h e  t r ans -  
mission subsystem remained nea r ly  cons tan t  a t  about 5.5 percent  of t h e  
t o t a l  system power f o r  a l l  t h e  d a t a  presented herein.  
POWER SOURCE 
A dc power source  was assumed which was cha rac t e r i zed  by a  s p e c i f i c  
mass !in kg-kw-1). To s impl i fy  mission c a l c u l a t i o n s ,  t h e  power ava i l -  
a b l e  t o  t h e  t h r u s t  system was assumed t o  be cons t an t  dur ing  t h e  m i s -  
sion. This  would be t y p i c a l  of nuc l ea r  power sources  and, t o  f i r s t  o r  
d e r ,  hardened s o l a r  a r r a y s ,  some backl ight  a r r a y  systems, and s o l a r  
thermal power systems. For p l ana r  s o l a r  a r r a y s  of p re sen t  design,  s ig-  
n i f i c a n t  degrada t ion  w i l l  occur  dur ing  t h e  o r b i t  t r a n s f e r  and, a s  d i s -  
cussed l a t e r ,  such degrada t ion  can  be e a s i l y  f ac to red  i n t o  t h e  r e s u l t s  
presented. The payloads presented i n  t h i s  paper can  be conserva t ive ly  
est imated i f  degrada t ion  i s  assumefi t o  occur  before t h e  s t a r t  of t h e  
mission and t h e  i n i t i a l  power required i s  a a j u s t e d  appropr ia te ly .  
Power source  s p e c i f i c  masses between 5 and 30 kg-kw'l a r e  assumed 
i n  t h i s  aper.  The lower va lue  has  been descr ibed  by many 
a u t h o r ~ ( ~ l * ~ ? , ~ ~ )  a s  r ep re sen ta t i ve  of t h i n  c e l l  s o l a r  a r r a y s  a t  Be- 
g inning  of L i f e  (BOL). The base l ine  SEPS s o l a r  has a  s p e c i f i c  mass of 
15 kg-kW'l which i s  a l s o  r ep re sen ta t i ve (23 )  of a  number of nuc l ea r  
power sources above about 100 kW. 
MISSION PAY LOADS 
I n  t h e  fo l lowing ,  payloads w i l l  be presented f o r  an  o r b i t  t r a n s f e r  
mission wi th  a  mission v e l o c i t y  increment of 6000 m-sec-1. This  i s  
r ep re sen ta t i ve  of a  low t h r u s t  LEO t o  GEO mission which inc ludes  a  28.5 
degree i n c l i n a t i o n  change. The e f f e c t s  of t o t a l  mass i n  LEO and t h r u s t -  
i n g  time were inves t iga ted .  Operat ion on mercury, xenon, and argon pro- 
p e l l a n t s  was eva lua ted  over  t h e  range of s p e c i f i c  impulse app rop r i a t e  
f o r  each propel lan t  (Table I). F i n a l l y ,  t h e  e f f e c t  of v a r i a t i o n  of t h e  
s p e c i f i c  mass of t h e  power source  i s  presented.  A s  s t a t e d  previous ly ,  
a t tempts  were made throughout t o  use  assumptions wi th in ,  o r  f e l t  
s t r a igh t fo rward ly  a t t a i n a b l e  from, s ta te -of -ar t  i n  o r d e r  t o  provide an 
assessmevt of present  e l e c t r i c  propulsion technology f o r  o r b i t  r a i s i n g  
missions. b 
MASS I N  LEO 
The mass i n  LEO, MLEO, i s  comprised of t h e  p rope l l an t ,  t h r u s t  sys- 




a l t y  was assumed h e r e i n  f o r  a  s t r u c t u r a l  i n t e r f a c e  between t h e  space 
system and the  S h u t t l e  due t o  unce r t a in ty  i n  o v e r a l l  requirements. 
Fig. 3 shows t h e  r a t i o  of t h e  t o t a l  pay load mass t o  MLEO and t h e  
r a t i o  of power ( i n  kW) t o  MLEO p lo t t ed  a s  a  func t ion  of HLEO over  a  
range of t h r u s t i n g  t imes f o r  a  mercury t h r u s t  system opera t ing  a t  a  
epecif i c  impulse of 1800 seconds. I t  i s  seen t h a t  f o r  a  g iven  s p e c i f i c  
impulce and t h r u s t i n g  time both t h e  t o t a l  payload mass and power r a t i o s  
a r e  bas i ca l ly  i n s e n s i t i v e  t o  MLEO f o r  va lues  of MLEO g r e a t e r  than  about 
104 kg. Although not  shown f o r  c l a r i t y ,  t h e  r a t i o s  of t h r u s t  system 
mass t o  MLEO and p rope l l an t  mass t o  MLEO were equal ly  i n s e n s i t i v e  t o  
WEO. This  behavior  was found t r u e  f o r  a l l  combinations of s p e c i f i c  
impulse, p ropel lan t  type ,  and t h r u s t i n g  t imes presented i n  t h i s  paper. 
The var ious  paylaod mass and power r a t i o s  presented subsequently i n  
t h i s  paper were a l l  ob ta ined  f o r  an MLEO of lo4 kg. From t h e  remarks 
above, hover, t h e  mass and power r a t i o s  a r e  i n s e n s i t i v e  t o  MLEO f o r  
va lues  of  MLEO g r e a t e r  t han  about 104 kg and a r e  a c c u r a t e  t o  w i th in  a  
few percent  f o r  va lues  of MLEO down t o  about 5 x 1 0 ~  kg. This  f e a t u r e  
a l lows  t h e  payloads of a  very broad s e t  of p o t e n t i a l  missions t o  be 
p l o t t e d  i n  a  highly condensed manner. 
GENERALIZED PAY LOAD CURACTERISTICS 
Fig. 4  shows t h e  t o t a l  payload and power r a t i o s  of Fig. 3 a s  a  
func t ion  of t h r u s t i n g  time. f o r  mercury, xenon, and argon t h r u s t  systems 
opera t ing  a t  t h e  upper and lower va lues  of s p e c i f i c  impulse s e l e c t e d  f o r  
each propel lan t .  Again, t h e  d a t a  of Fig. 4  a r e  independent of MLEO. 
The d a t a  of Fig. 4  a r e  very gene ra l  and can  be used t o  d e f i n e  a l l  
t h e  major subsystems of Fig. 1: a s  w i l l  be i l l u s t r a t e d  by t h e  fol lowing 
example. 
An a r b i t r a r y  va lue  of MLEO of 2 x 1 0 ~  kg w i l l  be assumed along r l i th  
a  mercury t h r u s t  system opera t ing  a t  a  s p e c i f i c  impulse of 1800 seconds 
f o r  a  t h r u s t i n g  time of 100 days. From Fig.  4(a)  t h e  r a t i o  of t o t a l  
payload mass t o  MLEO i s  obta ined  a s  0.54 which imp l i e s  a  t o t a l  payload 
mass of 1 . 0 8 ~ 1 0 ~  kg. From Eq. (31 ,  t h e  r a t i o  of p rope l l an t  mass t o  
MLEO i s  obta ined ,  a t  a  , $ec i f i c  impulse of 1800 seconds, a s  0.29 which 
implies  a  p rope l l an t  mass of 5 . 8 ~ 1 0 ~  kg. The t h r u s t  system mass is  
WE0 minus t h e  sum of t h e  t o t a l  payload and p rope l l an t  masses and i s ,  
t he re fo re ,  equal  t o  3 . 4 ~ 1 0 3  kg. 
The r a t i o  of power t o  MLEO a t  100 days t h r u b t i n g  t ime i s  shown on 
Fig. 4 (a)  a s  10x10'3 kw-kgm1 which impl ies  a  power of 200 kW. A s  
s t a t e d  previous ly ,  t h i s  power was assumed t o  be a v a i l a b l e  throughout t h e  
mission. An a r b i t r a r y  power degrada t ion  of  25 percent  of i n i t i a l  power 
w i l l  be assumed t o  occur du r ing  t h e  mission which implieS a  beginning of 
miss ion  power of 267 kW. 
I n  o rde r  t o  o b t a i n  t h e  nonpower payload i t  i s  necessary t o  s e l e c t  a 
specif  i c  mass of t h e  power system. From t h e  above, t h e  s p e c i f i c  mass 
rhould be t h a t  r ep re sen ta t i ve  of Beginning-of-Lif e  (BOL) f o r  t h e  p a r t  ic- 




power payload mass i s  1 . 3 4 ~ 1 0 ~  kg. The nonpower pay load mars i s  
9 . 4 7 ~ 1 0 ~  kg and was obta ined  by s u b t r a c t i n g  t h e  power payload from t h e  
t o t a l  payload. 
For t h e  example given,  t h e  mass of  t h e  power payload became equal  
t o  t h e  t o t a l  payload mass a t  a  BOL power source  s p e c i f i c  mass of  about 
40 kg-kW'l. A t  t h a t  po in t  t h e  nonpower payload vanished and t h e  se- 
l e c t e d  t h r u s t i n g  t ime i s  a t  i t s  minimum value  f o r  t h a t  s p e c i f i c  impulse 
and p rope l l an t  un l e s s  l i g h t e r  power sou rces  and/or  t h r u s t  systems a r e  
assumed. 
The d a t a  of  Fig. 4 can be convenient ly used t o  s p e c i f y  t h e  t o t a l  
payloads and power payloads f o r  a very l a r g e  range of LEO t o  GEO m i s -  
s i o n s  which u t i l i z e  e l e c t r i c  propuls ion  t h m s t  systems wi th in ,  o r  read- 
i l y  a t t a i n a b l e  from s t a t e -o f - a r t  technology. A s  d i scussed  previous ly ,  
t h e  nonpower payloads may a l s o  be obta ined  from Fig. 4. The nonpower 
payload cannot ,  however, a s  gene ra l ly  p l o t t e d  because t h e  s p e c i f i c  mass 
and degrada t ion  of t h e  power source must be spec i f i ed .  To provide 
c l e a r e r  i n s i g h t s ,  t h e  fo l lowing  s e c t i o n s  w i l l  p resent  nonpower pay load 
masses t o  determine t h e  impact of  va r ious  parameters.  
NO NPO WE R PAY LOADS 
Fig. 5 shows t h e  r a t i o  of  nonpower payload mass t o  MLEO a s  a  func- 
t i o n  of t h r u s t i n g  time f o r  mercury, xenon, and argon p rope l l an t s  a t  t h e  
upper and lower va lues  of s p e c i f i c  impulse s p e c i f i e d  f o r  each propel- 
l an t .  A power source  s p e c i f i c  mass of 15 kg-kW'l was assumed and f o r  
convenience no degrada t ion  of t h e  power was assumed t o  occur du r ing  t h e  
mission. 
For a l l  p r o p e l l a n t s  t h e  nonpower pay loads were maximum f o r  t h e  l o r  
P O +  s p e c i f i c  impulse nea r  t h e  minimum t h r u s t i n g  times. With i nc reas ing  
t h r u s t i n g  t imes  t h e  nonpower pay load becomes l e s s  s e n s i t i v e  t o  spec i f  i c  
impulse and then becomes maximum a t  t h e  1 - r g e s t  va lue  of s p e c i f i c  im- 
pu l se  assumed f o r  each p rope l l an t .  This  behavior i s  b e s t  expla ined  by 
r e f e r ence  t o  Fig. 6 which shows t h e  f o u r  elements  of MLEO (Fig.  1 )  a s  a  
func t ion  of s p e c i f i c  impulse f o r  a  mercury t h r u s t  system a t  t h r u s t i n g  
t imes  of  50 and 250 days. I t  i s  f i r s t  seen  t h a t  t h e  p rope l l an t  mass 
decreases  by about a  f a c t o r  of  two ove r  t h e  assumed range of  s p e c i f i c  
impulse b u t ,  a s  shown by Eq. (21 ,  i s  no t  a  f u n c t i o n  of t h r u s t i n g  time. 
The r a t i o  o f  t h r u s t  system mass t o  MLEO drops  s t r o n g l y  w i th  i nc reas ing  
t h r u s t i n g  t ime b u t ,  on t h e  o t h e r  hand, i s  i n s e n s i t i v e  t o  s p e c i f i c  iw- 
pu l se  f o r  a  given t h r u s t i n g  time. This  occu r s  due t o  a  t r a d e o f f ( 1 7 )  
between t h e  decreases  (due pr imar i ly  t o  t h e  decreased number of 
t h r u s t e r s  and power processors )  and t h e  i nc reases  (due p r imar i l y  t o  in- 
c reased  power processing and thermal  c s n t r o l  system masses) i n  t h r u s t  
system mass wi th  increc  ing s p e c i f i c  impulse (and power). 
The v a r i a t i o n  of t h e  power payload mass i s ,  t h e ,  t h e  major reason 
f o r  t h e  d i f f e r e n t  s e n s i t  i v i t y  of nonpower pay load t o  s p e c i f i c  impulse a t  
d i f f e r e n t  t h r u s t i n g  times. A t  low va lues  of t h r u s t i n g  t ime t h e  power 
payload i s  a major f r a c t i o n  of  MLEO and t h e  v a r i a t i o n  of  t h e  power pay- 
load mass w i th  specif  i c  impulse s t r o n g l y  a f f e c t  s t h e  nonpower payload. 




t i o n  of MLEO and t h e  v a r i a t i o n  of s p e c i f i c  impulse has a  smal le r  f r r c -  
t i o n a l  e f f e c t  on t h e  nonpower payload. 
In  t he  l i m i t  of very long t h r u s t i n g  t imes  t h e  nonpower payload mass 
r a t i o  approaches t h e  f i n a l  mass r a t i o  g iven  i n  Eq. ( 4 ) .  This  i s  because 
t h e  t h r u s t ,  and power, decrease  wi th  i nc reas ing  t h r u s t i n g  time and, 
t he re fo re ,  the  masses of t he  t h r u s t  system and power payload become 
negl ig ib le .  
Fig. 5 shows t h a t  t h e  nonpower payload i s  q u i t e  s e n s i t i v e  t o  pro- 
p e l l a n t  type a t  t h e  s h o r t e r  t h r u s t i n g  times. The reason f o r  t h i s  
behavior i s  i l l u s t r a t e d  on Fig. 7 which shows va r ious  mass r a t i o s  f o r  
a l l  t h r e e  p rope l l an t s  a t  t h e i r  lowest va lues  of s p e c i f i c  impulse f o r  a  
t h r u s t i n g  time of 100 days. 
The propel lan t  mass decreased w i t h  i nc reas ing  s p e c i f i c  impulse ( o r  
decreas ing  atomic mass) a s  pred ic ted  by Eq. ( 3 ) .  The t h r u s t  system mass 
increased with decreas ing  atomic mass such t h a t  t h e  sum of t h e  t h r u s t  
-,ystem and propel lan t  masses remained near ly  cons tan t .  This r e su l t ed  i n  
t h e  nea r  independence (Fig.  7 )  of t he  t o t a l  pay load mass on p rope l l an t  
type. The v a r i a t i o n  i n  nonpo ?r  payload with p rope l l an t  type a t  t he  
s h o r t e r  t h r u s t i n g  time i s  e s s e n t i a l l y  explained by the  d i f f e r e n c e s  i n  
power required f o r  t h e  o r b i t  t r a n s f e r .  The major reason f o r  t h e  d i f f e r -  
ences i n  power f o r  t h e  var ious  p rope l l an t s  i s  t h e  v a r i a t i o n  of t h r u s t  t o  
power r a t i o  f o r  t he  t h r u s t  systems. The t h r u s t  t o  power r a t i o  v a r i e s  
because of t h e  d i f f e r e n c e s  i n  s p e c i f i c  impulse and t h e  system e f f i -  
c i e n c i e s  assumed f o r  each propel lan t  (Table I). 
The s e n s i t i v i t y  of nonpower payload t o  p rope l l an t  type  dec reases  
wi th  increas ing  t h r u s t i n g  time (Fig.  5 ) .  Although not  shown, t h i s  
a r i s e s  pr imar i ly  because t h e  t h r u s t  and power system masses decrease  
wi th  i nc reas ing  t h r u s t i n g  time and t h e i r  v a r i a t i o n  with p rope l l an t  type 
becomes f r a c t i o n a l l y  smal le r  wi th  r e spec t  t o  MLEO. 
The s p e c i f i c  mass of t he  power source  can have a  dramatic  e f f e c t  on 
t h e  nonpower payload. Fig. 8 shows t h e  nonpower payload r a ~ i c  3s a  
func t ion  of t h r u s t i n g  time f o r  t h r e e  va lues  of s p e c l f i c  mass f o r  a  mer- 
cury t h r u s t  system. Var ia t ion  of t he  s p e c i f i c  mass from 5 t o  30 kg-k~-1 
causes  about a  f a c t o r  of t h r e e  i nc rease  i n  t h e  minimum t h r u s t i n g  times. 
A t  t h e  s h o r t e r  t h r u s t i n g  t imes  t h e  nonpower pay load a t  a  f i xed  t h   sting 
time i s  very s e n s i t i v e  t o  s p e c i f i c  mass but becomes l e s s  s e n s i t i v e  a t  
longer t h r u s t i n g  times. 
The e f f e c t  of v a r i a t i o n  of t h e  power source  s p e c i f i c  mass i s  shown 
on Fig. 9 f o r  mercury and argon p rope l l an t  t h r u s t  systems operated a t  
s p e c i f i c  i.mpulses of 1800 and 3400 seconds, respec t ive ly .  For any 
t h r u s t i n g  time the  f r a c t i o n a l  e f f e c t  of t h e  power source s p e c i f i c  mass 
v a r i a t i o n  from 5 t o  30 kg-kw-1 is  much l a r g e r  f o r  argon t h a n  mercury 
t h r u s t  systems. A s  an example, f o r  a  t h r u s t i n g  t ime of 100 days t h e  
nonpower payload v a r i e s  by a  f a c t o r  of f o u r  w i th  argon and a  f a c t o r  of  
on ly  two with xercury. This  d i f f e r e n c e  i n  s e n s i t i v i t y  t o  s p e c i f i c  mas8 
occur8 because t h e  power system i s  a  much l a r g e r  f r a c t i o n a l  mass of MLEO 
wi th  argon (Fig. 7) .  For both propel lan to ,  and f o r  xenon which i s  not  




mass caused about a  f a c t o r  of  2.5 t o  t h r e e  v a r i a t i o n  i n  t h r u r t i n g  
times. This  impl ie r  t h a t  t h e  mar8 of  power ryrtemr p l ays  an  important 
r o l e  i n  determining the  payload c a p a b i l i t i e s  of e l e c t r i c  propul r ion  ryr-  
tems. This  i r  e r p e c i a l l y  t r u e  f o r  r h o r t  t h r u r t i n g  t imes  and f o r  l i g h t -  
weight propel lan t  s, which r equ i r e  t h e  l a r g e s t  amounts of power. 
CONCLUDING REMARKS 
The payload c a p a b i l i t i e s  of  e l e c t r i c  propulsion upper s t a g e s  were 
presented f o r  a  base l ine  o r b i t  t r a n s f e r  from LEO t o  GEO. To c a l c u l a t e  
payloads i t  was necessary t o  d e f i n e  t h e  d e t a i l e d  c h a r a c t e r i s t i c s  of  t h e  
e l e c t r i c  propulsion t h r u s t  systems. Th i s  was done us ing  an e s t a b l i r h e d  
methodology which employed assumptions regarding e l e c t r i c  propulsion 
technology which were w i th in ,  o r  f e l t  t o  be d i r e c t l y  a t t a i n a b l e  frow, 
s ta te -of -ar t .  
The e f f e c t s  on payloads was i nves t iga t ed  f o r  v a r i a t i o n s  of  t o t a l  
mass i n  LEO (MLEO), t h r u s t i n g  ( t r i p )  t imes,  p rope l l an t  type,  s p e c i f i c  
impulse, and power source  s p e c i f i c  mass. I t  was determined t h a t  t h e  
r a t i o s  of  payload masses t o  t o t a l  mass i n  LEO were b a s i c a l l y  i n s e n s i t i v e  
t o  MLEO. This  f a c t  allowed t h e  o v e r a l l  payload c a p a b i l i t y  of e l e c t r i c  
propuls ioc  upper s t a g e s  t o  be presented i n  a  h ighly  condensed faehion. 
Dependent upon t h e  d e t a i l e d  assumptions, e l e c t r i c  s t a g e s  were found ca- 
pable  of d e l i v e r i n g  payloads i n  t h r u s t i n g  t imes  l e s s  t han  50 days  wi th  
t he  payloads always increas ing  r ap id ly  w i th  i nc reas ing  thrust i .ng times. 
Payload c a p a b i l i t i e s  f a r  i n  excess  of t h a t  a ~ t a i n a b l c  wi th  chemical pro- 
puls ion  were poas ib l e  us ing  s ta te -of -ar t  e l e c t r i c  propuls ion  technology. 
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TABLE I. - THRUSTER CHARACTERISTICS 




Thruster diameter, cm 
Thruster mass, kg 
Propellant u t i l i za t ion  
ef f ic iency 
Ionization power per beam 
ampere, W/A 
Thrust losses ,a  percent 
Range of specif ic i q u l s e ,  
sec 









3400 t o  7200 







1800 t o  3800 







2200 t o  4700 
0.58 t o  0.78 
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Figure 1. - Elements of an electric propulsion spKe system. 
Figure 2 -Elements of an electric thrust system. 
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Figure 3, - Ratios of total payload mass and pDwer 
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Figure 5. - Ratio of nonpower paybad to MLfO as a func- 
t i in  of thrusting time. W e r  source specific mass. 
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Figure 7. - Mass ratios for mriot;s propellants. 
Thrusting time. 100 days. 
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Figure 8. - Nonpwer payload mass ratio as a function 
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